T he developme nt of the Vari able Spec ific Impulse Magnetoplasma Roc ket (V ASIMR) was initiated in the late 1970s to address a cri tical requi re ment for fas t, hi gh-power interpl anetary space transportation. While not bei ng a fusion rocket, it nevertheless borrows heavil y from that technology and takes adva ntage of the natural topology of open-ended magnetic systems . In addition to its hi gh power density and high exhaust veloc ity, V ASIMR is capable of "constant power throttl ing" a feat ure, which allows in-flight mission-optimization of thrust and specific impulse to enhance performance and reduce trip ti me. A NASA-led, research team, in vo lving industry, academi a and governme nt faci lities is pursuing the development of thi s concept in the United States. The technology can be validated, in the near term, in venues such as the International Space Station, where it can also serve as both a drag co mpensation device and a plasma contactor fo r the orbital facility. Other near-Earth applications in the co mmercial and sc ientifi c satellite sectors are also envisioned. This presentation covers the evolution of the V ASIMR concept to its present status, as well as recent acco mplishments in our understanding of the phys ics. Approaches and co llaborati ve programs addressing the major technical challenges will also be presented.
T he developme nt of the Vari able Spec ific Impulse Magnetoplasma Roc ket (V ASIMR) was initiated in the late 1970s to address a cri tical requi re ment for fas t, hi gh-power interpl anetary space transportation. While not bei ng a fusion rocket, it nevertheless borrows heavil y from that technology and takes adva ntage of the natural topology of open-ended magnetic systems . In addition to its hi gh power density and high exhaust veloc ity, V ASIMR is capable of "constant power throttl ing" a feat ure, which allows in-flight mission-optimization of thrust and specific impulse to enhance performance and reduce trip ti me. A NASA-led, research team, in vo lving industry, academi a and governme nt faci lities is pursuing the development of thi s concept in the United States. The technology can be validated, in the near term, in venues such as the International Space Station, where it can also serve as both a drag co mpensation device and a plasma contactor fo r the orbital facility. Other near-Earth applications in the co mmercial and sc ientifi c satellite sectors are also envisioned. This presentation covers the evolution of the V ASIMR concept to its present status, as well as recent acco mplishments in our understanding of the phys ics. Approaches and co llaborati ve programs addressing the major technical challenges will also be presented. INTRODUCTION A fundame ntal problem in human and robotic planetary exploration is the intrinsic limitation of today's chemical rocket. After remarkable advances in the last 50 years, the e ngineering of these devices has matured to the point were furt her refi ne ment brings onl y limited perfo rmance gains. While the chemical rocket will continue to prov ide excellent surface to orbit transportation, new technologies must be called upon to transport humans and cargo in the long journeys to the planets and ultimately the stars. P lasma roc kets on the other hand, open up new and exc iting poss ibiliti es fo r fast space transportation. Utilizing ionized gases accelerated by electric and magnetic fie lds, these dev ices ex pand the perfor mance envelope of rocket propulsion far beyo nd the li mits of the che mical rocket. With a properly shaped magnetic duct, the internal e nergy of a plasma could be extracted in the fo rm of rocket thrust. The duct beco mes a magnetic nozzle, the magnetic equi valent of a conventi onal nozz le. Moreover, the non-physical nature of such a nozzle also suggests an inherent adaptability, which (i n analogy to the transmission in an automobile) could continuously tailor the ex haust plume to respond to the conditions of fli ght. An ada ptable nozzle better utili zes the available roc ket power, leading to better performance. Although much earlier work identified thi s benefit, its impl ementation in chemical roc kets with fixed materi al nozzles was impractical at the time.
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Magnetic mirrors enable the heating of plasmas to tens of millions of degrees by providing an insulating magnetic field between the plasma and its nearest material surface. Because of their open topology, these devices are however inherently leaky, a feature that, while a detriment to co ntrolled fusion, is actua lly useful in propul sion appli cations.
The genesis of the Variable Specifi c Impul se Magnetopl as ma Rocket (VASIMR) dates back to the late 1970's. The concept is a natural derivative of mirror machines, and their applicatio ns to fusion . A proposed use of V ASIMR as primary propul sion for robotic spacecraft is shown in Figure 1 . 
II. The V ASIMR Concept
The VASIMR consists of three main sections: a helico n pl as ma so urce, a radio freq uency (RF) power booster, and a magnetic nozzle. Figure 3 shows these three stages integrated with the necessary supporting systems. One key as pect of this concept is its electrodeles design, which makes it suitable fo r hi gh power density and long component life by reducing plas ma eros ion and other materi als complications. The magneti c fie ld ties the three stages together and , through the magnet assemblies, transmits the exhaust reaction forces that ultimately propel the ship .
Propulsion System
Figure 3: System schematic of the V ASIMR While the three stages must work together, they have distinct functio ns. The helicon stage handles the main injection of propell ant gas and its ionization, the RF booster acts as a power amp li fier to further heat the plasma and the magnetic nozzle converts the energy of the fluid into directed flow. V ASIMR operates typically with light gases, as the RF booster generally operates near the ion cyc lotron resonance freq uency; however, the helicon source works effectively with a wide range of gases and gas mixtures, suggestin g additional operatio nal modes yet to be explored.
Plasma production by the helicon source must be efficient and optimj zatio n of thi s stage is currently under way. Plasma densities in the 10 18 to 10 19 1m 3 range o n Helium, Hydrogen, Deuterium, Nitrogen, Argon and other laboratory gases are now routine. The plasma density scales linearl y with input power, as shown in Figure 4 , with no sign of saturation. As shown in Figure 5 , the asymmetri c geometry of the magnetic field and the amb ipolar potential, driven by the electron te mperature, prod uces a rapid plasma flow.
A large pressure increase in the helicon chamber is also measured during plasma operatio n, as well as a commensurate downstream force. An interesting observation in the force data of F igure 6 shows an increase in the total force as one samples further downstream in the plume (upper trace is 15 cm. downstream from lower trace.) This behavior is currentl y under study, but suggests the co ntribution of the magnetic nozzle to the acceleration of the plasma. The sligh t decay in the force signal during the pulse is attributed to an increasing neutral background pressure due to pumping limitations.
The RF booster stage, currently under development is targeted to operate at the ion cyclotron resonance frequency, but some manipu lation of the magnetic fie ld in the system can also enable experiments at the ion cyclotron 2 nd harmo nic.
Initial experiments have been conducted with a si mple dual half-loop antenna configuration. Two separate RF feeds drive two water-coo led copper rings at 90° phase shift from eac h other. Important considerations here include the RF antenna load ing, which the target plasma provides. For good performance the plasma must pass near the antenna straps and be of suffic ient density to coup le we ll to the RF power. RF booster heati ng data are still preli minary; however, interesting a nd so mewhat surprising results have emerged in recent tests. For exa mpl e, the coupling of RF power at the second harmo nic reso na nce, as shown in Figure 7 , is significant. Th is res ult has stim ul ated thinking o n other mecha ni s ms, such as io n Be rnstein modes, in addition to ion cyclotron resona nce, which may be a lso e mployed for wave coupling in the booster stage. Figure 7: Ion energy data with RF power applied at the 2 nd ion cyclotron resonance. Both increases in plasma density and particle energy are observed.
We a nticipate that the main thrust of thi s paper wi ll be to discuss the results of the RF booster experiments that will be carried out in the summer and fa ll of th is year. We have insta ll ed a new, larger diameter helicon source, improved RF booster antenna, a nd other refinements. We wi ll be presenting these resul ts in as much detail as time permits.
